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Vaccinia virus encodes a eukaryotic-like RNA polymerase composed of two large and six small subunit protein species.
A replication-competent virus with 10 histidine codons added to the single endogenous J4R open reading frame was
constructed. The altered migration of the 22-kDa subunit of RNA polymerase on SDS–polyacrylamide gel electrophoresis
confirmed that J4R encoded the RPO22 subunit and that the mutant virus was genetically stable. The histidine-tagged RNA
polymerase bound quantitatively to metal-affinity resins and was eluted in an active form upon addition of imidazole. Glycerol
gradient sedimentation of the eluted fraction indicated that most of the RPO22 in infected cells is associated with RNA
polymerase. Using stringent washing conditions, metal-affinity chromatography resulted in a several hundred-fold increase
in RNA-polymerase-specific activity, and substantially pure enzyme was obtained with an additional conventional chroma-
tography step. When mild conditions were used for washing the metal-affinity resin, the vaccinia virus-encoded capping
enzyme, early transcription factor, and nucleoside triphosphate phosphohydrolase I specifically co-eluted with the tagged
RNA polymerase, consistent with their physical association. The ability to selectively bind RNA polymerase to an affinity
column provided a simple and rapid method of concentrating and purifying active enzyme and protein complexes.
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tINTRODUCTION
Poxviruses are large DNA viruses that replicate in the
ytoplasm of infected cells and encode enzymes and
actors for replication and transcription of their genomes
Moss, 1996). More than 20 highly conserved poxvirus
enes are devoted to the biosynthesis of viral mRNA.
tudies with vaccinia virus (VV) indicated that the multi-
ubunit DNA-dependent RNA polymerase contains
olypeptides encoded by at least eight genes: two large
ubunits of 147 and 132 kDa and six small subunits
anging from 35 to 7 kDa (Broyles and Moss, 1986; Patel
nd Pickup, 1989; Ahn et al., 1990a,b, 1992; Broyles and
ennington, 1990; Quick and Broyles, 1990; Amegadzie
t al., 1991a,b, 1992). Of these, the two largest (RPO147
nd RPO132) and the smallest (RPO7) have eukaryotic
NA polymerase subunit homologs. Additionally, RPO30
s related structurally to the mammalian transcription
longation factor TFIIS (Ahn et al., 1990a). Another
olypeptide, the RNA-polymerase-associated protein of
4 kDa (RAP94), is stably associated with RNA polymer-
se made at late times after infection and confers early
romoter specificity (Ahn and Moss, 1992; Kane and
human, 1992; Ahn et al., 1994; Deng and Shuman, 1994).
edimentation studies suggested that additional pro-
1 To whom reprint requests should be addressed. Fax: (301) 480-
b147. E-mail: bmoss@nih.gov.
469eins, including the VV early transcription factor (VETF),
apping enzyme and a DNA-dependent ATPase (NPH I),
re associated loosely with the RNA polymerase
Broyles and Moss, 1987). Genetic evidence suggests
hat the transcription system may be packaged as an
ven larger complex (Zhang et al., 1994).
A simple and rapid method of isolating the VV RNA
olymerase and associated proteins from infected cells
ould facilitate transcriptional and structural investiga-
ions. A polyhistidine tag has been used to purify recom-
inant proteins by immobilized metal-affinity chromatog-
aphy (IMAC) under native or denaturing conditions (Ho-
huli et al., 1988; Janknecht et al., 1991; Van Dyke et al.,
992). This procedure has been applied to Escherichia
oli RNA polymerase (Kashlev et al., 1993) but not to the
ore complex eukaryotic enzyme. By tagging an essen-
ial subunit of the VV RNA polymerase, we considered
hat the retention of viral replication competency would
e a stringent test of the function of the modified enzyme.
ll of the subunits as well as RAP94 are probably essen-
ial as suggested by their conservation in a distantly
elated vertebrate poxvirus (Senkevich et al., 1997), and
utations in some have been shown to confer a condi-
ionally lethal temperature-sensitive (ts) phenotype (Seto
t al., 1987; Thompson et al., 1989; Kane and Shuman,
992). A strategy was devised to isolate a recombinant
V with a polyhistidine tag on the RNA polymerase by
aking advantage of a mutant with a ts lesion that had
een mapped to an RNA polymerase subunit. Here we
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470 KATSAFANAS AND MOSSemonstrate that the isolation strategy was efficient. The
ecombinant virus could be grown to high titer, and the
NA polymerase bound specifically to IMAC supports
nd provided a rapid method of isolating the enzyme and
ssociated proteins from infected cells.
RESULTS
solation of a recombinant VV with a polyhistidine-
agged RNA polymerase subunit
We chose to add the polyhistidine tag to the RPO22
ubunit of the V V RNA polymerase for several reasons.
irst, the molar ratio of RP022 to each large RNA poly-
erase subunit is three to four (Baroudy and Moss,
980), so that the polymerase complex would have mul-
iple polyhistidine tags to enhance binding to IMAC res-
ns. Second, the C-terminal end of the J4R ORF encoding
PO22 is well separated from the neighboring J5L ORF
o that addition of a polyhistidine tag was unlikely to
nterrupt coding or regulatory sequences. Third, condi-
ional lethal mutants of V V with lesions in the J4R ORF
ere available (Thompson et al., 1989), providing a
FIG. 1. Construction of a recombinant vaccinia virus encoding a histid
he parental temperature-sensitive virus, V V ts7, has a proline subs
ransfected with pUC19/22K10H, which contained leucine at position 15
9°C were isolated. (B) Viral genomic DNA, derived from four independ
he J4R gene. M1 and M2 are DNA markers; W, DNA from wild-type vaethod of selecting recombinant viruses by correction of fhe mutation. The mutant chosen, ts7, contains a Leu152 to
ro point mutation, which stringently prevents virus rep-
ication at 39°C. The strategy used to isolate a recombi-
ant VV with a polyhistidine tag at the C terminus of the
PO22 subunit is depicted in Fig. 1A. We constructed
ransfer plasmids pUC19/22C6H and pUC19/22C10H,
hich contained a wild-type J4R ORF with 6 or 10 histi-
ine codons added to the C terminus. The transfer plas-
ids were transfected into cells that had been infected
ith VV ts7. Because of the proximity of the ts lesion to
he C terminus of the ORF, it seemed likely that many of
he revertants selected by their ability to grow at the
onpermissive temperature would also have the polyhis-
idine tag, provided that the modification did not prevent
NA polymerase assembly or activity. The results were
imilar with the two plasmids so only data obtained with
he 10-histidine construct are provided here. Of 14 initial
laques analyzed by polymerase chain reaction (PCR), 9
ad the expected increase in the size of the J4R ORF due
o the extra histidine codons. Four of these viruses were
urther plaque purified at 39°C and had a stable geno-
ype (Fig. 1B). The recombinant VV, named vRPO22C10H,
ged RNA polymerase subunit. (A) Procedure for isolating vRPO22C10H.
for leucine at amino acid 152. Cells were infected with V V ts7 and
10 histidine codons at the C terminus. Viruses able to form plaques at
que isolates, was analyzed by PCR using primers within and flanking
virus; lanes 1–4, DNA from four viruses isolated as outline in (A).ine-tag
tituted
2 and
ent plaormed wild-type-size plaques at 39°C and could be
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471POLYHISTIDINE-TAGGED RNA POLYMERASErown to high titer at 37°C, indicating that the polyhisti-
ine tag had little or no adverse effect on virus replica-
ion. The replication competence of the mutant virus was
orroborated by a one-step growth experiment, which
howed the formation of infectious virus between 6 and
2 h after infection, and by [35S]methionine pulse-labeling
tudies, which demonstrated the expected shift from
arly to late viral protein synthesis between 4 and 6 h
fter infection (data not shown).
pecific binding of tagged RNA polymerase to IMAC
upports
Preliminary experiments indicated that the 10-histi-
ine-tagged RNA polymerase from the cytoplasm of cells
nfected with vRPO22C10H bound to both cobalt resin
TALON, CLONTECH) and nickel agarose beads (Ni-NTA,
iagen), eluting efficiently at 40 and 100 mM imidazole,
espectively. RNA polymerase containing RPO22 with six
istidines also bound to IMAC supports but eluted at
ower imidazole concentrations. A typical cobalt IMAC
xperiment is illustrated in Fig. 2A. The loading material,
nbound material, and column fractions were tested for
NA polymerase activity using a nonspecific single-
tranded DNA template. Most of the RNA polymerase
ctivity from cells infected with wild-type virus was de-
ected in the flow through and wash fractions, indicating
ow affinity for the cobalt IMAC resin. In contrast, the
ajority of the active RNA polymerase from cells infected
ith vRPO22C10H bound and then eluted upon addition
f 5–40 mM imidazole.
The samples were also analyzed by SDS–polyacryl-
mide gel electrophoresis (PAGE) and immunoblotting
sing antibodies to highly purified V V RNA polymerase
Jones and Moss, 1985) and to the RPO22 subunit (a
ift of S. Shuman). In this experiment, the low-molec-
lar-weight subunits were transferred most efficiently
o the membrane and thus appeared more intense
han the large ones. As anticipated, most of the viral
NA polymerase subunits from cells infected with
ild-type V V were in the flow-through fraction,
hereas most of the viral RNA polymerase subunits
rom cells infected with vRPO22C10H eluted with 40
M imidazole (Fig. 2B). The SDS–PAGE analysis also
evealed that the polyhistidine-tagged RPO22 subunit
igrated slower than the wild-type polypeptide due to
he additional amino acids (Fig. 2B). Moreover, there
as no contamination with the faster-migrating
olypeptide, indicating genetic stability of the mutant
irus. In contrast to other subunits, RPO22 remained
ompletely associated with the IMAC support after
ashing it with 6 M guanidinium hydrochloride or 8 M
rea but eluted when imidazole was added, consistent
ith binding through its polyhistidine tag (data not
hown).
Because both free RPO22 as well as RPO22 com- flexed with RNA polymerase would be expected to bind
o the IMAC resin and the relative proportions of the
wo were unknown, the 40 mM imidazole fraction was
nalyzed by glycerol gradient sedimentation. The gradi-
nt fractions were subjected to SDS–PAGE and immuno-
lotting with RNA polymerase antisera. Most of the
PO22 sedimented in the fractions with other subunits
Fig. 2C) and RNA polymerase activity (not shown). A
inor peak of RPO22 was detected near the top of the
radient, suggesting that some was present in smaller
omplexes or in a free form. A minor amount of RPO22
ncomplexed with RNA polymerase also was detected
y anion exchange chromatography (data not shown).
e concluded that the majority of the RPO22 polypeptide
resent at 20 h after infection is associated with RNA
olymerase.
urification of histidine-tagged RNA polymerase
The VV RNA polymerase usually is obtained by multi-
le chromatography steps from purified VV virions that
ave been disrupted with sodium deoxycholate and re-
ucing agents (Baroudy and Moss, 1980; Spencer et al.,
980). As shown above, the polyhistidine tag provides a
eans of directly isolating RNA polymerase from cyto-
lasmic extracts without detergents as well as from
isrupted virions. The protocol used in the previous sec-
ion was scaled up and modified. We started with 18
iters of HeLa cells infected with vRPO22C10H and
assed the cell lysate through a column of Ni-NTA-
garose. To recover any unbound histidine-tagged RNA
olymerase, the flow-through material was passed
hrough a second column packed with fresh Ni-NTA-
garose. The columns were stringently washed with high
alt, glycine, and 20 mM imidazole before eluting RNA
olymerase with 100 mM imidazole. Considerable RNA
olymerase activity was eluted with 100 mM imidazole
rom the first column (Fig. 3A), whereas insignificant
ctivity was eluted with 100 mM imidazole from the
econd column (data not shown). The nature of the
olymerase activity that did not bind Ni-NTA-agarose
as not determined but probably included cellular RNA
olymerases. The 100 mM imidazole fractions with high-
st RNA polymerase activity (fractions 2, 3 and 4; Fig. 3A)
ere applied to an HQ anion exchange column, which
as eluted with a linear gradient of 0.4–0.8 M NaCl. The
ooled RNA polymerase fractions were layered on to
inear 15–35% glycerol gradients. The RNA polymerase
ctivity sedimented as a sharp peak in fractions 9–12
Fig. 3B), which coincided with the major polypeptides
etected by SDS–PAGE and silver staining (Fig. 3C) and
mmunoblotting with antisera to RNA polymerase and
AP94 (not shown). The doublet of very slow migrating
ands (.200,000 kDa) could include undissociated poly-
erase subunits that did not transfer well to membranesor Western blotting. Attempts to identify this material by
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472 KATSAFANAS AND MOSSass spectroscopy revealed some peptides that were
resent in a 400-kDa cellular protein called giantin (un-
ublished data).
The polypeptide pattern of the histidine-tagged RNA
olymerase purified from the cytoplasm was similar to
hat previously described for RNA polymerase from vac-
inia virions including the presence of RAP94 (Ahn et al.,
994) and multiple RPO30 (Ahn et al., 1990a) and RPO19
FIG. 2. Binding of histidine-tagged RNA polymerase to cobalt IMAC re
r vRPO22C10H was incubated with 0.5 ml of TALON affinity resin, w
ollected after elution with 5 and 40 mM imidazole. RNA polymerase a
B) Western blot of fractions obtained in (A). The proteins resolved by
NA polymerase and RPO22. The masses in kDA of marker proteins
xtracts from cells infected with vRPO2210H. (C) The pooled 40 mM im
lycerol gradient and analyzed by Western blotting as in (B). The positio
, top of gradient.Ahn et al., 1992) bands. SDS–PAGE analysis of the mooled fractions at each step of purification is shown in
ig. 4A. Calculations of the total RNA polymerase activity
t each step of purification indicated a net increase,
robably due to removal of inhibitors, and a 7000-fold
urification. The greatest purification was achieved with
he metal-affinity binding step and polymerase suitable
or general purposes was obtained after HQ chromatog-
aphy (Fig. 4B). The purified histidine-tagged RNA poly-
) The cytoplasmic fraction of cells infected with wild-type strain V V WR
with 0.5 M NaCl, and eluted with imidazole. Fractions (0.5 ml) were
as determined. L, loading material; F, flow-through material; W, wash.
AGE were transferred to a membrane and incubated with antibody to
own on the left. 2, extracts from cells infected with wild-type V V; H,
e fractions from cells infected with vRPO2210H was sedimented on a
NA polymerase subunits are shown on the right. B, bottom of gradient;sin. (A
ashed
ctivity w
SDS–P
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ns of Rerase had more than two times the specific activity
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473POLYHISTIDINE-TAGGED RNA POLYMERASEreviously reported for RNA polymerase purified from
accinia virions (Baroudy and Moss, 1980) and 27 times
he specific activity and twice the yield of that reported
or RNA polymerase purified from vaccinia virus-infected
ells (Nevins and Joklik, 1977).
Using a similar protocol, histidine-tagged RNA poly-
erase of comparable purity was isolated from cells
nfected with vaccinia virus in the presence of an inhib-
tor of DNA replication. The latter viral RNA polymerase,
owever, lacked RAP94, which is a late protein synthe-
FIG. 3. Purification of histidine-tagged RNA polymerase. (A) Binding o
uccessively with 0.5 M NaCl, 1.0 M NaCl, 0.1 M NaCl plus 40 mM gly
M imidazole. The RNA polymerase activity in 10 ml aliquots was determ
, loading material; F, flow-through material. (B) RNA polymerase activ
ere chromatographed on an HQ/M anion exchange column. Fractions
entrifugation. RNA polymerase activity of gradient fractions are shown
ubjected to SDS–PAGE and silver stained. LM, loading material. Masse
n right.ized only after DNA replication (Ahn et al., 1994). essociation of other viral proteins with metal-affinity
urified RNA polymerase
By eliminating the high-salt and glycine wash steps,
etal-affinity beads provided a way of isolating proteins
hat were weakly associated with the histidine-tagged
NA polymerase. Lysates of cells infected with wild-type
V or vRPO22C10H were incubated with Ni-NTA-aga-
ose and then washed with 0.15 M NaCl and increasing
oncentrations of imidazole. Because of the mild wash-
ng conditions, the overall pattern of polypeptides that
ne-tagged RNA polymerase to Ni-NTA beads. The beads were washed
ly), 0.1 M NaCl plus 20 mM imidazole (imid), and 0.1 M NaCl plus 100
nd then multiplied by the volumes of each fraction to give total activity.
lycerol gradient fractions. The pooled 100 mM imidazole fractions (A)
A polymerase activity were pooled and subjected to glycerol gradient
ttom; T, top. (C). SDS–PAGE. Fractions from the glycerol gradient were
a of marker proteins (M) on left. Positions of RNA polymerase subunitsf histidi
cine (g
ined a
ity of g
with RN
. B, bo
s in kDluted with 100 mM imidazole was similar for both vi-
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474 KATSAFANAS AND MOSSuses (Fig. 5A). On closer inspection of the silver-stained
el, however, the viral RNA polymerase bands were
etected specifically in the 100 mM imidazole fraction
rom vRPO22C10H-infected cells, indicating a consider-
ble enrichment. Moreover, RNA polymerase bands
ere undetectable by immunoblotting of the 100 mM
midazole fraction of cells infected with wild-type virus
ut were concentrated in the same fractions from cells
nfected with vRPO22C10H (Fig. 5B). Therefore the con-
entration of additional polypeptides in the 100 mM im-
dazole fraction from cells infected with vRPO22C10H
but not in the equivalent fraction from cells infected with
ild-type virus) would indicate that they are associated
ith the histidine-tagged RNA polymerase. Western blot-
ing demonstrated the concentration of vaccinia virus
arly transcription factor (VETF) encoded by the D6R and
7L ORFs, the capping enzyme encoded by the D1R and
12L ORFs, and nucleoside triphosphate phosphohydro-
ase (NPH) I encoded by the D11L ORF in the 100 mM
midazole fractions of vRPO22C10H (Fig. 6). In contrast,
FIG. 4. Recovery and specific activity of histidine-tagged RNA polym
urification and concentration of histidine-tagged RNA polymerase. T
aterial (ST) 2 mg; pooled fraction eluted from Ni-NTA (Ni) 180 ng; pool
ractions from glycerol gradient (GG) 30 ng. The lane marked HQ9 cont
lution from an HQ/M column. Masses in kDa of markers are on the l
pecific activity after each step of purification.estern blotting indicated that there was no specific hssociation of the polyhistidine-tagged RNA polymerase
ith the late transcription factors encoded by the G8R,
1L, A2L, and H5R ORFs or the two poly(A) polymerase
ubunits encoded by the E1L and J3R ORFs or the DNA
opoisomerase encoded by the H6R ORF under the same
onditions (data not shown). Antibodies to several other
iral proteins were also tested but the Western blots
ere not adequate to draw conclusions regarding asso-
iation with RNA polymerase. As expected from the
estern blotting, the fractions containing RNA polymer-
se and VETF were able to transcribe a DNA template
ith an early promoter but not a late promoter (data not
hown). We also demonstrated the transcription of a
NA template containing an intermediate promoter us-
ng Ni-NTA-agarose-purified RNA polymerase from cells
nfected with VV in the presence of an inhibitor of DNA
eplication (data not shown).
DISCUSSION
The subunits of the vaccinia virus RNA polymerase
A) Silver-stained SDS polyacrylamide gel of fractions obtained during
ounts of total protein applied to each lane were as follows: starting
tions eluted from HQ/M anion exchange resin (HQ) 90 ng; and pooled
ooled glycerol gradient fractions that had been concentrated by step
itions of RNA polymerase subunits are on the right. (B) Recovery anderasy. (
he am
ed frac
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475POLYHISTIDINE-TAGGED RNA POLYMERASEr genetic methods. The location of the gene encoding
PO22 was originally determined using antibody raised
gainst purified RNA polymerase to immunoprecipitate a
3-kDa in vitro translation product of early mRNA that
ad been hybridized to the HindIII J fragment of the VV
enome (Jones et al., 1987). DNA sequencing revealed
n ORF (now called J4R) within the HindIII J fragment that
FIG. 5. IMAC chromatography using mild washing conditions. (A
i-NTA-affinity columns. The beads were washed successively with buf
t the higher imidazole concentrations, 0.5-ml fractions numbered 1–4
utative RNA polymerase subunits are marked by dots. Masses in kDa
aterial, W, washes. (B) Western blotting. The samples in (A) were also a
s (A). Masses in kDa are shown on left and RNA polymerase subunias capable of encoding a 22-kDa polypeptide that was dnferred to be RPO22 (Broyles and Moss, 1986). Although
he J4R ORF had no homology with subunits of other RNA
olymerases, the identification was consistent with the
efective late gene expression phenotype of two mutants
ith ts lesions that mapped to this ORF (Hooda-Dhingra
t al., 1989; Thompson et al., 1989). The present demon-
tration, that histidine codons added to the J4R ORF
ts of cells infected with V V WR or vRPO22C10H were applied to
taining 0.15 M NaCl and 0, 5, 20 and 100 mM imidazole in 0.15 M NaCl.
collected. Samples were subjected to SDS–PAGE and silver staining.
ker proteins are shown on the left. M, marker proteins; F, flow-through
d by Western blotting using antibody to RNA polymerase. Abbreviations
e right.) Extrac
fers con
were
of mar
nalyzeecrease the electrophoretic mobility of RPO22 and
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476 KATSAFANAS AND MOSSause the RNA polymerase to bind tightly to metal-affinity
eads, provides direct evidence that J4R encodes an
ntegral subunit of the vaccinia virus RNA polymerase. At
ate times after infection, only relatively small amounts of
PO22 were uncomplexed with RNA polymerase.
The procedure used to make the histidine-tagged RNA
olymerase may have general applicability to other viral
roteins. By modifying the existing J4R ORF within the
accinia virus genome, rather than inserting an addi-
ional recombinant copy, we could be assured that
PO22 was expressed at the correct time and level, the
istidine-tagged RNA polymerase was biologically ac-
ive, and all copies of the subunit were tagged. An effi-
ient selection protocol was based on starting with a
utant vaccinia virus containing a ts lesion in the J4R
RF and simultaneously correcting the defect and add-
ng histidine codons. The majority of mutants that formed
laques at the elevated temperature had the polyhisti-
ine tail. A similar procedure might be used to tag other
NA polymerase subunits or RAP94 for which ts lesions
ave been mapped (Seto et al., 1987; Thompson et al.,
989; Hooda-Dhingra et al., 1990; Kane and Shuman,
992). By tagging RAP94, RNA polymerase specific for
arly transcription might be obtained.
We chose to add the polyhistidine tag to RPO22 in part
ecause there was evidence for three to four copies per
NA polymerase molecule (Baroudy and Moss, 1980).
e hoped that this stoichiometry would ensure a high
vidity for metal-affinity beads. In this respect, the histi-
ine-tagged RNA polymerase bound quantitatively to
MAC supports. We found, however, that the 10-histidine-
agged RNA polymerase eluted from cobalt and Ni-NTA
t relatively low concentrations of imidazole, 40 and 100
M, respectively. This could be due to the large surface
f the multisubunit RNA polymerase or to poor exposure
FIG. 6. RNA polymerase-associated proteins. Fractions 2 and 3 from
he 100 mM imidazole elution in Fig. 5 were analyzed by Western
lotting using antibodies to the large (L) and small (S) subunits of VETF
nd capping enzyme and NPH I. Dissociated proteins from purified V V
ere analyzed in parallel to provide markers for enzymes and factors.
, purified V V virions; 1H, from cells infected with vRPO22C10H; 2H,
rom cells infected with V V WR.f the C terminus of RPO22. wThe polyhistidine tag provided an extremely useful first
tep in the purification of RNA polymerase from cytoplas-
ic extracts of infected cells. The polymerase remained
ound to IMAC beads in the presence of high concen-
rations of salt and glycine, which removed many other
roteins, and provided a several hundred-fold purifica-
ion. The polymerase was purified an additional 10-fold
y HQ chromatography. At this stage, the major bands
ere polymerase subunits as determined by SDS–PAGE,
nd most of the contaminating polypeptides were re-
oved by glycerol gradient centrifugation. The specific
ctivity of the RNA polymerase was higher than that
reviously reported for the enzyme purified by conven-
ional methods from either virus particles (Baroudy and
oss, 1980) or infected cells (Nevins and Joklik, 1977).
The polyhistidine tag was also used to isolate and
dentify proteins weakly associated with the VV RNA
olymerase. In a prior study (Broyles and Moss, 1987),
ranscriptionally active RNA polymerase was found to
osediment with capping enzyme and NPH I. To demon-
trate that these components were part of a single com-
lex and not multiple cosedimenting species, we applied
xtracts from cells infected with wild-type vaccinia virus
r vRPO22C10H to separate but identical Ni-NTA beads.
he columns were washed to remove untagged RNA
olymerase and then with 100 mM imidazole to recover
he histidine-tagged enzyme and any associated pro-
eins. The 100 mM wash, containing proteins from cells
nfected with wild-type vaccinia virus, served as a control
or polypeptides that may have remained bound to the
MAC resin in the absence of RNA polymerase. Signifi-
antly, VETF, capping enzyme and NPH I were specifi-
ally associated with the histidine-tagged RNA polymer-
se fraction. However, this association was disrupted by
ore stringent IMAC conditions or further purification
teps (Katsafanas and Moss, unpublished). Neverthe-
ess, this complex appears to have functional signifi-
ance because VETF is required for binding of the RNA
olymerase to the promoter and transcription initiation
Broyles et al., 1988; Li and Broyles, 1993; Baldick et al.,
994), whereas capping enzyme and NPH I mediate
ranscription termination (Shuman et al., 1987; Deng and
human, 1998). Although genetic studies suggested that
oly(A) polymerase and topoisomerase were complexed
ith RNA polymerase during virion assembly (Zhang et
l., 1994), these enzymes eluted from the IMAC column
efore that of the histidine-tagged RNA polymerase, in-
icating that any association must be quite weak.
In summary, the engineering of a replication compe-
ent VV with a polyhistidine tag at the end of the J4R ORF
as allowed us to confirm that this ORF encodes RPO22
nd that RPO22 is an integral subunit of VV RNA poly-
erase. The tag provided a rapid procedure for concen-
rating and purifying RNA polymerase and associated
roteins from extracts of VV-infected cells. Experience
ith a polyhistidine-tagged E. coli RNA polymerase
(
p
R
y
C
l
a
s
p
(
p
a
R
f
r
p
(
n
C
o
C
t
5
A
C
l
E
s
w
r
c
5
C
b
a
s
4
p
w
p
e
2
R
(
d
v
A
p
s
a
d
o
1
p
m
a
t
c
s
a
a
R
s
B
w
f
w
p
1
n
M
A
n
t
m
e
m
e
(
r
1
1
1
z
N
0
P
v
s
1
h
b
z
s
t
a
T
477POLYHISTIDINE-TAGGED RNA POLYMERASEKashlev et al., 1993; Tang et al., 1996), suggests that the
resent construct is likely to be useful for studies of VV
NA polymerase assembly and for a mechanistic anal-
sis of transcription.
MATERIALS AND METHODS
ells and virus
HeLa S-3 suspension cells (ATCC CCL2.2) and mono-
ayer cultures of BS-C-1 cells (ATCC CCL26 were prop-
gated as described (Earl et al., 1997). Stocks of VV
train WR (ATCC VR 1354) and vRPO22C10H were pre-
ared in HeLa cell monolayers at 37°C as described
Earl et al., 1997). V V ts7 (Thompson et al., 1989) was
ropagated in a similar manner except that the temper-
ture was 31°C.
ecombinant DNA
Plasmid pUC13 containing the VV strain WR HindIII-J
ragment was cleaved with HincII and KpnI, and the
esulting fragment of 1.4 kb was purified by gel electro-
horesis and ligated to HincII and KpnI cleaved pUC19
GenBank Accession No. X02514). The new plasmid was
amed pUC19/22k. To introduce a 10-histidine tag at the
terminus of the J4R open reading frame (ORF), two sets
f primers were designed: 59GAGAACATGAGACTGACT-
GAGTTACC and 59ttagctagaatggtgatgatggtgatgatggtga-
gatgaccATCAGCGACTGAAATAACAGATCTATCGGC; and
9ggtcatcatcaccatcatcaccatcatcaccattctagctaaTCAATT-
GTAGAGATGAGATAAGAACATTAT and 59GCCCCATC-
ATAGCACCTAGTCTACCATC. The upper and lower case
etters refer to V V and non-VV sequences, respectively.
ach set of primers was used separately for PCR with VV
train WR DNA as the template. The resultant products
ere 864 and 750 bp, respectively. A portion of each
eaction was combined and allowed to undergo 10 cy-
les of amplification, at which time oligonucleotides
9GAGAACATGAGACTGACTCGAGTTACC and 59GCCC-
ATCCATAGCACCTAGTCTACCATC were added, followed
y 25 more cycles of amplification. The reaction yielded
1575-bp fragment that was purified by gel electrophore-
is and digested with BbsI and BstXI, giving rise to a
40-bp fragment internal to these cleavage sites. This
roduct was gel purified and ligated with pUC19/22k,
hich had been digested with the same enzymes and
urified away from the 401-bp product internal to these
nzyme sites. The new plasmid was named pUC19/
2k10H.
ecombinant virus construction
Recombinant viruses were constructed as described
Earl et al., 1997) with modifications as indicated. Six-well
ishes (5 3 105 cells/well) were infected with VV ts7
irus at a m.o.i. of 0.03 plaque forming units (PFU)/cell.
fter 4 h at 31°C, the infected cells were transfected with sUC19/22k10H mixed with lipofectin (GIBCO), and all
ubsequent incubations were carried out at 39°C. After
nother 4 h, the liquid medium was replaced with me-
ium in 1% low-melting-point agarose. At 24 h, a second
verlay of 1% low-melting-point agarose in medium with
00 mg/ml of neutral red was applied. After 48 h, the
laques were aspirated with a pipette and mixed with 0.2
l of 1 mM Tris–HCl pH 9.0. The suspension was frozen
nd thawed three times, and 10 ml was used as a
emplate with PCR primers that amplified the C-terminal
oding sequence of the J4R ORF essentially as de-
cribed (Zhang and Moss, 1991). The PCR products were
nalyzed by gel electrophoresis. A recombinant VV with
10-histidine tag at the C terminus of the gene encoding
PO22 was isolated by additional plaque purification
teps and named vRPO22C10H.
inding of RNA polymerase to cobalt IMAC resin
Suspended HeLa S3 cells (5 3 108) were infected
ith 5 PFU/cell of V V WR or vRPO22C10H, incubated
or 24 h at 37°C, collected by centrifugation, washed
ith phosphate buffered saline (PBS), and resus-
ended in 4.5 ml of buffer A [10 mM Tris–HCl (pH 8.0),
mM b-mercaptoethanol, 0.2 mM phenylmethylsulfo-
yl fluoride (PMSF)] with 10 mM NaCl and 5 mM
gCl2. Subsequent steps were carried out at 0 to 4°C.
fter 5 min on ice, the cells were Dounce homoge-
ized and the lysate was clarified by successive cen-
rifugations at 1000 g for 10 min and 21,500 g for 15
in. The high-speed supernatant was mixed with an
qual volume of buffer B [buffer A plus 0.19 M NaCl, 1
M imidazole, 0.02% (v/v) Triton X-100, 20% (v/v) glyc-
rol)] and incubated with 0.5 ml of cobalt IMAC resin
TALON, CLONETECH) overnight with mixing. The
esin was then poured into a column and washed with:
0 vol of buffer C (buffer A plus 0.01% Triton X-100 and
0% glycerol) with 0.1 M NaCl and 0.5 mM imidazole;
0 vol of buffer C with 0.5 M NaCl and 0.5 mM imida-
ole; 10 vol of buffer C with 5 mM imidazole and 0.1 M
aCl; and 5 vol of buffer B with 40 mM imidazole and
.1 M NaCl.
urification of RNA polymerase
Approximately 9 3 109 HeLa cells were infected with
RPO22C10H, collected, and lysed essentially as de-
cribed above except that the lysis buffer also contained
0 mM NaF. After 5 min swelling, the cells were Dounce
omogenized, and the lysate was mixed with 1 vol of
uffer A supplemented with 0.83 M NaCl, 1 mM imida-
ole, 34% glycerol, and 0.4% (v/v) Tween 20. After 1 h, the
uspension was centrifuged at 10,000 g for 15 min, and
he supernatant was incubated with 25 ml of nickel IMAC
garose beads (Ni-NTA, Qiagen) overnight with mixing.
he beads were poured into a column and washed
uccessively with 5 vol of buffer D (buffer A plus 0.5 mM
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478 KATSAFANAS AND MOSSmidazole, 10 mM NaF, 17% glycerol) with: 0.5 M NaCl; 1
NaCl; 0.1 M NaCl, 40 mM glycine; 0.1 M NaCl, 20 mM
midazole; 0.1 M NaCl, 100 mM imidazole. The pooled
NA polymerase from the 100 mM imidazole fractions
30 ml) was applied to a 4.6 3 100 mm HQ/M anion
xchange column (Perseptive Biosystems), which was
ashed with 5 ml of buffer E [10 mM Tris–HCl (pH 8), 0.1
M EDTA, 1 mM DTT, 0.01% Triton X-100, 10% glycerol)
ontaining 0.1 M NaCl and developed with a 10 ml linear
radient from 0.4 to 0.8 M NaCl in buffer E at a flow rate
f 0.5 ml/min using a Waters 650 E purification system.
NA polymerase peak fractions were pooled, and 0.75
l was layered onto each of six 11-ml 15–35% (vol/vol)
lycerol gradients in 0.5 M NaCl, 10 mM Tris–HCl (pH 8),
.1 mM EDTA, 1 mM DTT, and 0.01% (v/v) Triton X-100.
he gradients were placed in a SW41 rotor and centri-
uged in a Beckman L8–80M ultracentrifuge for 26 h at
1,000 rpm.
solation of RNA polymerase with associated proteins
HeLa suspension cells (1.5 3 108) were infected with 5
FU/cell of VV strain WR or vRPO22C10H. After 20 h, the
ells were collected by centrifugation, washed with PBS
nd were lysed as described above for purification of
NA polymerase. The lysate was centrifuged at 1000 g
or 10 min and the supernatant centrifuged at 21,500 g for
5 min. The high-speed supernatant was mixed with an
qual volume of 0.29 M NaCl, 10 mM Tris–HCl (pH 8), 1
M b-mercaptoethanol, 1 mM imidazole, 30% glycerol
nd then incubated with 1.5 ml of Ni-NTA agarose beads
vernight with mixing. The beads were placed in a col-
mn and washed with 10 column volumes of 0.15 M
aCl, 10 mM Tris–HCl (pH 8), 1 mM b-mercaptoethanol,
.5 mM imidazole, 15% glycerol. The column was then
ashed with 10 vol of buffer F [0.15 M NaCl, 10 mM
ris–HCl (pH 8), 1 mM b-mercaptoethanol, 0.01% Triton
-100, 15% glycerol] containing 5 mM imidazole, followed
y 10 vol of buffer F with 20 mM imidazole, and then 5 vol
f buffer F with 100 mM imidazole.
NA polymerase activity
VV RNA polymerase was assayed as described (Ba-
oudy and Moss, 1980) in 0.1 ml of 50 mM Tris–HCl (pH
), 2 mM DTT, 1 mM ATP, GTP, CTP; 0.01 mM UTP; 5 mCi
a-32P]UTP (3 mCi/nmol); 4 mM MnCl2; 1 mg of heat
enatured calf thymus DNA; and 10 ml of the protein
raction to be assayed. Incubations were carried out at
7°C for 30 min and stopped by pipetting the reaction
ixture onto Whatman DE81 ion exchange paper and
ashing three times in 0.5 M Na2HPO4, twice in H2O, and
nce in 100% ethanol. After drying, the radioactivity was
easured by scintillation spectrophotometry. Activity
as expressed as counts per min or as units (pmol UMPncorporated in 30 min at 37°C/mg of protein).DS–PAGE
Proteins were resolved on a 4–20% gradient or 10%
olyacrylamide SDS gel and visualized using Silver Stain
lus Kit (Bio-Rad Laboratories). For immunoblotting, pro-
eins were transferred to a nitrocellulose membrane (Mi-
ron Separations) and probed with antibodies. Then the
embranes were either incubated with 125I-labeled pro-
ein A and autoradiographs prepared or incubated with
oat anti-rabbit IgG conjugated to alkaline phosphatase
Sigma) and developed using the Phosphatase Substrate
ystem (Kirkegaard and Perry Laboratories). The
ources of rabbit polyclonal antibodies were as follows:
iral RNA polymerase (Jones et al., 1987), RAP94 (Ahn
nd Moss, 1992), VETF (gift of C. Cassetti); nucleotide
hosphohydrolase I (NPHI) (Paoletti et al., 1974), RPO147,
PO132, and RPO22 (gifts of S. Shuman), capping en-
yme subunits (gift of N. Harris).
rotein determination
Samples (10 ml) were assayed using the Bio-Rad Pro-
ein Assay following the manufacturer’s specifications.
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